Graphene [1] is a two-dimensional (2D) material with a honeycomblike arrangement of carbon atoms. Its unique mechanical and electronic properties [2] have stimulated vigorous research on possible applications of graphene in nanoelectronics. Concurrently with the studies of graphene, individual flakes of hexagonal boron-nitride (h-BN) were isolated and characterized [3, 4] . This material has the same hexagonal atomic network as graphene, but alternating boron and nitrogen atoms substitute for carbon. This system is a semiconductor with a gap of more than 5 eV [5] , while graphene is a semimetal.
Taking into account the similarities in the atomic structure of these two materials and differences in the electronic characteristics, it is tempting to explore the possibilities for creating hybrid BCN nanosystems, with the electronic properties defined by the relative concentration of B, C, and N atoms. Numerous attempts to manufacture graphene with nitrogen or boron dopants have indeed been made [6] [7] [8] , including chemical vapor deposition growth of BCN sheets [9] . However, it was shown [10] that such hybrid materials are thermodynamically unstable and that h-BN and graphene tend to segregate, as also confirmed by theoretical studies [11] . An alternative approach to engineering the composite BCN 2D materials was recently demonstrated [12, 13] . Post-synthesis substitutional carbon doping of h-BN sheets [13] and BN nanotubes [12] was implemented via in situ electron-beam irradiation inside a transmission electron microscope (TEM), with the system being transformed from electrical insulator to conductor. It was found that carbon atoms coming from the decomposition of hydrocarbon molecules take mostly the positions of boron atoms, and it was deemed that the substitution process is dominated by the knock-on electron damage followed by mending of the boron-vacancies with carbon atoms. Such an interpretation, however, is inconsistent with nearly the same probabilities for knocking out B and N atoms [14, 15] at high (300 keV) electron energies used in the experiments. Moreover, using essentially the same technique, C impurities were introduced into BN sheets at electron energies of 60 keV [16] , which is below the threshold for any atom displacement [14, 15] .
In this Letter, by employing ab initio simulations, we show that although radiation damage should definitely play a role in the substitution process, the main driving force for the substitution is the energetics of the system, as it costs less energy to substitute a B-atom than N, especially when the system is positively charged. Taking into account recent experimental results reporting the development of triangular multivacancies under the beam, we further study the electronic structure of triangular carbon islands in BN sheets, and show that, in perfect agreement with Lieb's theorem [17] , such quantum dots possess magnetic moments which can be switched on and off by charging the system.
In our simulations we used the spin-polarized density-functional theory (DFT) as implemented in the plane-wave-basis-set VASP [18] code. We used projectoraugmented wave potentials [19] to describe the core electrons and the generalized gradient approximation of Perdew, Burke, and Ernzernhof (PBE) [20] for exchange and correlation. As the PBE approach normally underestimates the band gap width, more accurate calculations were also carried out using the Heyd-Scuseria-Ernzerhof (HSE) functional [21] . A kinetic energy cutoff of 400 eV was used in all simulations. We used supercells of different sizes (32-200 atoms) with different numbers of B and N atoms substituted with C atoms. The k points for the integration over the Brillouin zone were generated by the Monkhorst-Pack scheme with the account for the supercell size. Such a simulation setup has been demonstrated to be adequate for the modeling of defects and impurities in 2D systems with covalent bonding [15, 22, 23] . The finite-supercell-size corrections [24] [25] [26] for charged configurations were analyzed by extrapolating the total-energy results to the dilute limit, converging the formation energies within 0.2 eV. The DFT molecular dynamics (MD) simulations of atom dynamics after electron impacts were carried out as in Ref. [15] . The examples of the studied structures are shown in Fig. 1 . Throughout this paper, we use the following notations: C B means that a single B atom was substituted with C atom, while 4C 3B1N stands for a triangular island formed by substituting 3 B and 1 N atoms with 4C atoms, etc. As expected, the PBE calculations for a pristine h-BN sheet underestimate the gap (4.56 eV), while the HSE functional provides a semiconducting gap of 5.56 eV, the value which is in a good agreement with the results of quasiparticle GW calculations [27] .
We base our analysis of the electron-beam-mediated substitution process on calculations of the formation energy E f of substitutional defects composed from K C carbon atoms embedded into the h-BN matrix as follows:
where E tot ðK q C Þ and E tot ðBNÞ are the total energies of an h-BN system with defect and defect free structure, respectively; K B and K N are the numbers of B and N atoms replaced by
C are the chemical potentials of the elements present in the system. In an h-BN sheet in equilibrium
where BN is the total energy per BN pair in the h-BN sheet. We chose C the same as in graphene. The choice of B and N is normally defined by the growth conditions of a material. However, here we deal with post-growth conditions and assume that the original system is stoichiometric. As N 2 molecules should be present in the experiments due to imperfect vacuum conditions (note that C atoms in graphene sheets are sometimes substituted with N atoms in a TEM [8] ), we assume an N-rich environment, so that N is the same as in the N 2 molecule. q in Eq. (1) is the charge state of the defect complex, and e is the electron chemical potential defined with the same reference as the valence band maximum E V . In Figs. 2(a)-2(d) we present formation energies (for the entire system) of four substitutional defects in different charge states as functions of e in the N-rich environment. The results for a single carbon atom in B-atom and N-atom positions agree well with the data for BN nanotubes [28] . It is evident that in the neutral state E f is always smaller when more B than N atoms are substituted with C. Moreover, for positive charge states, E f for C B and 4C 3B1N goes further down and even becomes negative. This result can be qualitatively understood by taking into account the changes in the total electronic charge of the system: when a B atom is substituted with a C atom, one extra electron is added, and the removal of one electron (charge state ''þ1'') minimizes the local perturbation in the electronic structure caused by the substitution. Note that under high energy electron irradiation an atomically thin target tends to be positively charged due to emission of secondary electrons. However, if e is shifted towards the FIG. 1 (color online) . Examples of the structures studied in our calculations, including single carbon atom impurities in the h-BN sheet, four carbon atom islands with boron (4C 1B3N structure) and nitrogen (4C 3B1N ) termination, as well as 16-atom (16C 6B10N structure) and 25-atom (25C 15B10N structure) islands. conduction band E C [e.g., e ¼ 3 eV for preferential N substitution, as in Fig. 2(e) ], then substitution of N atoms is also possible indicating that by charging the structure during irradiation, an additional control over substitution process can be gained. We received qualitatively the same results for all other structures we studied (up to 81 C atoms in the 200-atom BN supercell): it is energetically favorable to have an Nterminated triangular defect with a larger number of missing B atoms, especially for positive charge states of the system, as evident from Figs. 2(e), 2(e), and 2(f) We further studied effects of charging on the energetics of the substitution process by comparing the total energies of neutral and charged reference systems including a C adatom on pristine BN sheet as well as those with C atoms in substitutional positions and the corresponding B/N adatoms on BN sheet. In agreement with the results of E f calculations presented in Fig. 2 , we found that positive charge makes the energy required to ''swap'' a B atom with a C lower than to swap an N with a C atom, while negative charge gives the opposite result.
Keeping in mind the well-known deficiencies of the DFT-PBE approach, we checked the formation energies of the substitutional defects presented in Fig. 2 by repeating the calculations in a 32-atom supercell using the HSE functional. Figure 3 shows the lowest (among all charge states) formation energies of the substitutional defects presented in Fig. 2 as functions of e calculated using the PBE and HSE functionals. Here the range of e is normalized to the corresponding value of the gap. The PBE and HSE results agree well, indicating that the PBE approach can be used for the calculations of the formation energy of substitutional defects in BN systems if e is rescaled using the ratio of the PBE and HSE gaps.
Although the N-rich environment matches better the experimental situation, we also studied the dependence of the results on the choice of B up to the B-rich environment by the example of substitutional impurities formed by single C atoms. We found that even if B ¼ À7:62 eV corresponding to the lowest energy -rhombohedral phase of boron [29] is taken as the reference, the substitution of B atoms is still preferable for positively charged systems.
The lower formation energies of defects with N termination are consistent with the preferential substitution of B atoms reported in the experiments [12, 13] . Moreover, the energetics may actually explain why mostly B atoms are substituted, as the asymmetry cannot be understood simply as a dynamical effect: at electron energies of 300 keV used in the experiments the cross section for knock out of B and N atom is roughly the same [14, 15] , so that if C atoms simply take the place of missing atoms at vacancies, the ratio of B/N atoms should be the same as before irradiation. Our results indicate that substitution of B atoms may be thermodynamically preferable, so that irradiation may simply facilitate the substitution process by driving the system away from equilibrium (electrons with impact parameters exceeding the knock-out value transmit kinetic energy to the recoil atoms, which may be high enough for local chemical reactions, e.g., to swap host and C atoms), and may explain the apparent contradiction. The fact that C impurities were introduced into BN sheets at electron energies below the knock-out threshold [16] also indicates that irradiation-mediated reactions can occur, opening new avenues for irradiation-assisted engineering of nanostructures [30] .
Nevertheless, to assess the role of kinetics, we calculated the displacement threshold T d for C impurities and the neighboring B and N atoms. T d is the minimum kinetic energy transferred to an atom in the system required to sputter the atom. T d governs the displacement rate, and the corresponding electron threshold energy can be estimated [14, 15] . We found that T d for the C atom is 1.5 eV less than for B atom in the pristine system (independent of the type of the neighboring atoms), giving rise to a 40% increase in the displacement rate (for 300 keV used in the experiments) as compared to that for a B atom in the pristine material. This means that substitution of individual atoms can hardly be explained by dynamical effects only. T d for the neighboring B atoms (C N defect) drops by 1.2 eV, and by 3.6 eV for N atoms (C B defect) as compared to the corresponding values in the pristine system. The displacement rates for these atoms will increase by 20%-30%, which may facilitate the growth of triangular defects. We stress, however, that the actual substitution process may be more complicated, and involve beam-stimulated chemical reactions. Overall, it is much easier to explain the experimental results by the thermodynamics than kinetics of the systems.
Finally, we studied the electronic structure and magnetic properties of substitutional defects representing individual C atoms and triangular islands embedded into the h-BN matrix. The latter may be manufactured if a triangular vacancy-type defect is produced first in a BN sheet by irradiation, [31, 32] then carbon deposition, or by focusing the beam in a certain area when hydrocarbon molecules are deliberately introduced into the TEM chamber [12, 13] . It was predicted that freestanding triangular graphene flakes of finite sizes should exhibit intriguing magnetic properties [33] . 
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We found that such structures, if produced, should be stable and that although h-BN is a nonmagnetic material, BN sheets with triangular carbon islands possess magnetic moments. The value of the moment depends on the number of substituted atoms and naturally on the charge state of the defect. Figure 4 shows the magnetic moments of the defects as a function of the difference of the number of substituted nitrogen (K N ) and boron (K B ) atoms. The removed B and N atoms can be associated with C atoms in different sublattices in graphene, so that, in perfect agreement with Lieb's theorem [17] , the total magnetic moment of a carbon flake (neutral charge state) is simply the difference in the number of atoms on the two sublattices. The analysis of the electronic structure of the substitutional defects shows that the magnetism comes from spinpolarized defect-induced states in the gap, which are spatially localized at the defects. Our results also indicate that the magnetic moment can be varied by electrically charging the system, i.e., by changing the number of electrons in the quantum dots associated with the defects, as demonstrated in the insets presented in Fig. 4 .
To conclude, using DFT simulations we showed that the electron-irradiation-mediated substitution of B/N atoms in h-BN nanostructures with C atoms is governed not only by the response of the system to irradiation, but also the energetics of different defect configurations, which explains the puzzling experimental observations [12, 13, 16] of C doping of h-BN systems. As the substitution process can be controlled by electrically charging the system during irradiation, our results indicate that by using a focused electron beam and simultaneously charging the sample one can manufacture spatially localized hybrid structures which should exhibit intriguing electronic properties [34, 35] , and controllable magnetism. This technique, which is a combination of electron irradiation and beam-assisted deposition of the material deliberately introduced into the TEM chamber, can be applied to any 2D material (or 1D systems like nanotubes), including recently reported inorganic 2D structures [36] . 
